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The freezing rotation illusion arises when a figure is continuously rotating in front 
of a back and forth rotating ground. The term “freezing rotation” designates the 
decrease in the perceived rotation speed of a figure when the figure and the ground 
are turning in equal directions.  Subjects had to estimate the rotation speed of a 
continuously turning figure while the ground was either turning opposite to or with 
the figure. Their estimations of the figure’s speed were significantly lower, when the 
ground was moving in the same direction as the figure.  In control experiments 
subjects had to estimate the ground’s speed while the figure was turning opposite to 
or with the ground. Overall, their estimations of the rotational speed of the ground 
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To demonstrate the freezing rotation illusion to the public I am using the model of a 
small aircraft in a greenhouse with rich vegetation (cf. Fig. 1a, see supplementary 
video online). The aircraft and the greenhouse rotate around a common axis 
perpendicular to the display through the centre of the aircraft. The greenhouse is 
swaying sinusoidally back and forth; the aircraft is turning continuously at a speed 
well below the maximal rotational speed of the greenhouse (cf. Fig. 1c, upper panel). 
Whenever the aircraft (figure) and the swaying greenhouse (ground or surround of the 
figure) are rotating in the same direction (cf. Fig 1b, left panel), observers perceived a 
slow-down of the aircraft1. When the aircraft and the greenhouse are turning in 
opposite directions (cf. Fig.1b, right panel), the aircraft is perceived as speeding-up.  
When the rotational speed of the aircraft is increased to match the average surround 
speed, the plane appears as glued to the surround throughout the half-period when 
plane and greenhouse are turning in the same direction. Instead of inducing a change 
of the figure’s motion, the ground captures the figure’s motion2.  A small size or a 
more peripheral localisation of the figure facilitates its capture by the ground (cf. 
accompanying movie). 
At rotational speeds of the aircraft well above the ground speed, an apparent slow-
down of the turning aircraft is seen throughout the half-period, when the sinusoidally 
swaying ground and the figure were rotating in the same direction.  
Results 
Experiment 1 
In order to measure the induced changes in rotational speed perception, I asked 
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a) when the aircraft was turning in the same direction as the surround (cf. Fig 1b left 
panel). Here a decrease of the aircraft’s perceived rotational speed was expected. 
b) when the aircraft and its surround were turning in opposite directions (cf. Fig 1b 
right panel).  Here an increase of the aircraft’s perceived speed was expected.  
Speed-matching was done using a stair-case paradigm allowing for short presentation 
times. I adopted the method of accelerated stochastic approximation of Kesten3, 4. 
Subjects had to press one of two keys to indicate whether the probe stimulus should 
turn more clockwise or counter-clockwise than the corresponding test stimulus 
element. The speed of the next probe was adjusted accordingly.  The speed of the last 
probe stimulus obtained in the accelerated stochastic approximation (cf. detailed 
description in the method’s section) was taken as measurement of the perceived speed 
of the significant test stimulus element. Observers had to match the rotational speed of 
a circular random dot pattern (Fig. 1b, upper right panel) to the rotational speed of the 
small aircraft (cf. Fig 1a), when the ground (the greenhouse) was turning with or 
opposite to the aircraft.  
The results from two observers are shown in Fig. 2.  Each data point represents the 
mean ± standard error (SEM) of 40 measurements. The black data points are from 
trials with opposing rotational directions of the aircraft and the surrounding scene, the 
gray data points from trials with the same rotational direction of aircraft and surround. 
Asterisks denote significant differences between the corresponding data points for the 
two conditions (two-tailed t-test, α = 0.05, N=40). Observer MD showed larger 
differences between the two conditions marked in black and gray (6.1°/s ± 0.7°/s, 
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ANOVA showed a significant influence (p < 0.005) of both the factors rotational 
directions and speed.  In observer MD the interaction of both factors was significant (p 
< 0.0001) indicating an underestimation of higher figure speeds. 
Experiment 2 
The perceived speed of the figure was enhanced when the relative motion across the 
border between figure and ground was maximal with opposite rotational directions of 
figure and ground. It was diminished, when the speed across the common border was 
minimal. If it was the relative rotational speed across the common border that was 
responsible for the freezing motion illusion (cf. Fig. 1c, upper panel), short rotations of 
the figure should also influence the speed perception of the surrounding ground (cf. 
Fig. 1c, lower panel). In the experiment described above the surface area of the 
inducing surround has been much larger than the surface of the figure. To give the 
figure a fair chance to influence the perceived speed of the surround, the figure should 
have the same surface area as the surrounding ground.  I adapted a design used already 
in 1929 by Karl Duncker5 (Fig. 1a) in his experiments about induced rotation. The 
aircraft was replaced by an inner disk; the greenhouse was replaced by an equal-sized 
annular surround (cf. Fig 1d, test stimulus). Both were painted with random dot 
patterns.  
Looking at the supplementary video  with the outer ring swaying sinusoidally back 
and forth and the inner disk turning continuously (Fig. 1c, upper panel),  the perceived 
rotational speed of the inner disk waxed and waned according to rotation direction of 
the inducing outer ring6. To quantify this observation, subjects had to estimate the 
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same or the opposite direction as the ring. Fig.1d shows screen-shots of test and probe 
stimuli used in current experiments. Probe stimuli were similar to the test stimuli; the 
non-interesting stimulus element was painted uniformly gray. 
Fig. 3a depicts the experimental results for four observers. Each data point represents 
the mean ± standard error (SEM) of 40 measurements. The black data points are from 
trials with opposing rotational directions of inner disk (figure) and surrounding ring 
(ground), the gray data points from trials with the same direction of disk and ring. In 
all four observers the perceived speeds were on the average higher in trials with 
opposite rotational directions than in trials with the same direction. The differences in 
rotational speed estimation did not depend in a systematic way on the speed of the 
figure. There were large inter-individual differences between different observers. 
Observer LP showed the largest differences between the two conditions marked in 
black and gray (15.4°/s ± 0.5°/s, N=80). Smaller differences were found in observer 
MD (4.6°/s ± 0.5°/s, N=80), TJ (2.3°/s  ±  0.5°/s) and  MK (1.9°/s ± 0.3°/s, N=80) . In 
two-way ANOVA on estimations of rotational speed for the factors speed and 
rotational directions, the factor rotational directions (opposite or same) was significant 
for all observers at a p < 0.005; there were no significant interactions.  
Looking at the supplementary video  with the inner disk swaying sinusoidally back 
and forth and an outer ring turning continuously (Fig 1c, lower panel),  there was no 
waxing and waning of the perceived surround speed induced by the swaying figure6. 
The apparent absence of a freezing rotation illusion was reflected in the outcome of 
the control experiment. Results are shown in Fig.3b.  In a two-way ANOVA on 
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rotational directions was significant in observer LP only (p < 0.005). The differences 
of estimated rotational  speeds between the conditions with opposite or equal 
rotational directions were very small:  observer LP 1.28 °/s ± 0.36°/s, N=80; MK 0.46 
°/s ± 0.23 °/s , N=80; MD -0.03 °/s ± 0.31 °/s, N=80; JT 0.43 °/s ± 0.36 °/s, N=80.  In 
all four observers, the estimated differences of rotational speed between the conditions 
with opposite and equal rotational directions were significantly different between the 
main (Fig. 3a) and the control (Fig. 3b) experiment (p < 0.005, two-tailed t-test). Thus 
the rotations of the figure barely influenced the perception of the rotational speed of 
the surround, whereas rotations of even a small surround had a marked effect on the 
perception of rotational speed of the included figure. 
Comparing the data illustrated in Fig.2 and Fig.3a, in observer MD the aircraft was the 
more efficient stimulus than the disk (4.6°/s versus 8.9°/s mean difference between the 
conditions with opposite and equal rotational speeds; p < 0.0001 in a two-tailed t-test). 
The responses of observer TJ to the random dot disk were not significantly different 
from its responses to the aircraft (2.3 °/s vs. 2.4°/s).  
Experiment 3 
Finally I addressed the question, whether the freezing rotation illusion would still 
occur using a inducing surround turning at a rather low speed (18.9 °/s). The other 
parameters were the same as in experiment 2. In a two-way ANOVA on rotational 
speed estimations for the factors speed and rotational directions, the factor rotational 
directions was significant in all three observers at a p < 0.0001; a significant (p < 0.05) 
interaction was seen only with observer MD. Thus even slow rotations of the inducing 
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differences of estimated rotational speeds in conditions with the opposite and equal 
rotational directions were for observer LP 8.1°/s ± 0.55°/s, N=80; MD 3.5°/s ±0.44°/s, 
N=80 and MK: 1.7°/s  ±0.23°/s , N=80. The average differences were lower in the 
experiment with a low rotational speed of the surround than in the experiment with a 
high rotational speed (Fig. 3a); but this was statistically significant only in observer 
LP (p < 0.00001, two-tailed t-test). 
Motion capture effects, where the motion of the figure melts into the ground motion 
rather than slowing down are shown in the supplementary video online. There is 
evidence in literature2 and the supplementary video  that motion capture effects 
increase with increasing retinal eccentricity.  The experiments described above were 
done using central fixation; the choice of speeds was optimized for the observation of 
the freezing rotation illusion. Fig. 2 hints at motion capture effects in the data: the 
differences between the averaged estimates of figure’s speed for opposite and equal 
rotational directions of figure and ground decreased, when the physical figure’s speed 
was close to the speed of the surround. 
 The freezing rotation illusion delivers a new insight into motion perception. It 
suggests that the rotation of an included figure is referenced to the rotation of the 
surrounding ground, but that the rotation of the surrounding ground is not referenced 
to the rotation of the included figure. The present experiments have been done with 
one central figure turning on its ground. Albeit the freezing motion illusion is best 
seen with a central figure, it can also be seen with peripheral figures. In the 
accompanying movie, similar effects are seen with multiple figures overlaid on lager 
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interaction between a figure and its surrounding ground. From the experiments we 
learn that rotations of the ground induce either a slow-down or a speed-up of the 
apparent figure rotation. The rotational speed of the figure is increased by an 
individually different amount, when its direction is opposite to the direction of the 
ground, and decreases by a fixed amount, when its direction is the same as the 
ground’s direction. For small rotational velocities of the figure the perceived velocity 
either drops to zero or rarely reverses its direction (see Fig. 2 with observer’s MD 
aircraft data, gray line), when their surround is turning in the same direction. For 
stationary figures, a rotating surround induces an apparent figure’s rotation in the 
opposite direction 5. This is known as Duncker’s illusion. The averaged difference in 
estimated rotational speeds I found in between conditions of opposing and equal 
rotational directions of disk and ring are similar in size to rotational speed needed to 
nullify an induced rotation as reported by Duncker. While an outer disk (diameter 25°) 
was turning with 20°/s, two of his subjects had to adjust the rotation of an inner disk 
(diameter 3.8°) until they perceived zero rotation. Their adjusted speeds were 6.0°/s 
and 4.5°/s, thus in the range of the averaged speed differences of 1.7°/s, 3.5°/s and 
8.1°/s of observers MK, MD and LP for a inducing surround speed of 18.9°/s. While 
the differences in estimated rotational speed were not correlated with the figure’s 
speed, they varied with the inducing speed of the surround, the type of the stimuli 
used, and the observer. The finding of large inter-individual differences in induced 
motion is not uncommon7. 
The freezing rotation is a special case of the freezing motion illusion8, 9. It was easier 


































The Freezing Rotation Illusion Dürsteler M.R. 9  
borders of the figure as in induced translational motion. Our results are therefore 
difficult to compare with the data on translational motion freeze of Mesland and 
Wertheim8, 10. They observed a freezing motion illusion that emerged when a monitor 
displaying a continuously shifting sinusoidal grating was translating back and forth 
before an observer. In our laboratory, Stefan Hegemann was the first to notice an 
intermittent illusionary slow-down of an rotating scene while wearing virtual reality 
(VR) goggles and turning his head back and forth in the fronto-parallel plane1. This 
freezing rotation illusion also arose when a laptop with rotating scene was turned back 
and forth about the observer’s roll axis.  
The mechanisms responsible for the freezing motion illusion may help to partition a 
complex scene. Smaller motion differences between an object and a normally stable 
surround or a small object moving slowly on a large object should by ignored to avoid 
detection of spurious motion and favour the recognition of figure parts with common 
motion. Our experimental data suggest that the visual system adds a small velocity 
vector opposite to the ground’s velocity to the velocity of the figure: the apparent 
speed of figures moving in the same direction as their ground is reduced; the apparent 
speed of figures moving into the opposite direction is enhanced. Wertheim and 
Reymond11 proposed recently, that  in freezing motion illusions the just noticeable 
difference of the relevant motion signals is a useful estimate of  the difference between 
perceived and physical  speed. 
Where is the neuronal correlate of the freezing motion illusion located? One may 
search for an area with neurons responding both to small and large translating or 
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with opposite direction preference for motion. In macaques, neurons responding to 
rotational motion were first found in area MST12, 13.  They respond to small and large 
stimuli. Some of these neurons change their direction preference with increasing 
stimulus size, but they do not have a simple centre-surround organization. In human 
the corresponding area is part of  the MT+ complex 14.  After chemical lesions in areas 
MST including the adjoining floor of STS in macaques, a directional pursuit deficit 
was found, where the monkey underestimated the speed of a small target moving 
towards the lesion side and overestimated the speed of a target moving way from the 
lesion side15, reminiscent to the effects of surround rotation directions on the perceived 
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Methods 
Observers 
Four observers participated in the main study. LP and MK were females (age both 
22); TJ and MD males (age 27 and 58). LP, MK and TJ had no previous experience with 
psychometric experiments. All had normal or corrected to normal vision. 
Experimental setup 
Observers were looking a 19 inch Samsung SyncMaster 912T liquid crystal display 
connected to A HP DC 7100 CMT computer. The built-in Intel graphic adapter was fast 
enough to produce flicker-free motion sequences at a frame rate of 60 Hz. The head 
position was restrained using a chin rest. The distance to the display was 57 cm. The 
display size appeared at a visual angle of 33.7° x 25.9°. The diameter of the surround was 
16.5° in visual angle, the diameter of the inner disk in the main and the control 
experiment 11.7°. The object in the foreground and its circular surround could rotate 
independently from each other around a common axis perpendicular to the display and 
going through the centres of object and surround. 
An accelerated stochastic approximation method4 was implemented in our 
stimulation program (see below).  After the observer started the first iteration of the 
staircase procedure by pressing the space key, the test stimulus was shown for 500ms. 
During an inter-stimulus interval of 200ms a uniformly gray background was shown 
while the fixation point stayed on. The probe stimulus was shown for 300ms. It was 
rotating with a speed determined by the stochastic approximation procedure.  In half of 
the conditions, the speed of the first probe stimulus shown was well below of the speed of 
the test stimulus. During the following choice period the uniformly gray background with 
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keys, if the next probe stimulus should turn more clockwise/less counter-clockwise or 
more counter-clockwise/less counter-clockwise than the corresponding test stimulus 
element. The whole loop of waiting for the start key, test stimulus, inter-stimulus interval, 
probe stimulus and choice period was repeated until the stochastic approximation 
procedure found an ending condition. The last value of the probe’s rotational speed was 
used as the measurement of the perceived speed of the significant test stimulus element. 
Then the next trial with a different combination of centre and surround rotational speeds 
were started. 
Statistical methods 
In an experimental session 32 different conditions were pseudo-randomly 
interleaved. Each observer completed at least 5 experimental sessions after one ore more 
training sessions. I used Matlab (The MathWorks, Natick, MS, USA) Version 7.3.0.267 
to analyze the data. I did not find consistent differences in the subject’s final speed 
estimation between trials, where initial probe stimulus speed was higher than the test 
stimulus speed, or trials, where it was lower. I also failed to observe consistent 
differences in their speed estimation of clockwise or counter-clockwise turning figures.  
Therefore all the data from trials with the same speed and the same relationship between 
rotation direction of the figure and direction of the surrounding ground (i.e. equal or 
opposite) were pooled together resulting in 4 different experimental conditions with 40 
measurements per condition. The overall influences of speed and rotational direction 
relationship were analysed using a two-way ANOVA; to estimate the significance of the 
directional relationship at a given speed, two-tailed t-tests were performed. While 
estimated rotational speed varied with the physical speed of the stimulus, the factor speed 
was not often significant while comparing differences in estimated speed for conditions 
with opposite and same rotational directions from different experiments. In such cases a 
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Accelerated stochastic approximation method3, 4 
At the beginning of a single staircase the initial probe speed was in half of the trials 
higher and in half of the trials lower than the speed of the corresponding test element 
(±4°/s for lowest test stimulus , ±15 °/s for speeds >= 20 °/s). The initial step-size (S0) in 
the staircase procedure was 2°/s. The velocity Vi+1 of the next probe stimulus was 
augmented or decreased depending on the subject’s choice according to the following 
formula, where Vi is the current probe velocity and SN the current step size: 
Vi+1 = Vi ± SN 
Whenever the sign of the adjustment was changed, the current step-size (SN) was 
changed according to the following formula, where N is the number of reversal points in 
the staircase, i.e. number of trials at which the response changed form slower to faster or 
vice versa: 
SN = S0 / (1 + N) 
The staircase ended, when SN fell below 0.25 °/s. VN was taken as the subject’s best 
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Figure Legends 
Fig. 1 Stimulus arrangement 
a Screenshot of  our freezing rotation illusion demonstration. An aircraft and 
the surrounding scene were rotating around a common sagittal axis going 
through the midpoint of the aircraft. The aircraft was turning continuously, 
whereas its surround was rotating sinusoidally to and fro (cf. Fig 1c, upper 
panel). The arising percept was that of a periodical slow-down or even standstill 
(“freezing rotation”) of the physically continuously turning aircraft. The display 
served as test stimulus in the experiment shown in Fig 2. The model of the 
aircraft was made by Microsoft, Seattle, USA. The surrounding scene shows the 
greenhouses of the Botanical Garden, University of Zurich, Switzerland.  
b Equal and opposite motion directions.  The arrows represent the rotational 
directions of figure (aircraft or disk) and ground (greenhouse or ring).  When the 
figure and the ground were turning in the same direction (left panel, gray arrows), 
the figure appeared to slow down. When the figure and the ground were rotating 
in opposite directions (right panel, black arrows) the figure appeared to speed up. 
In our experiments we compared the effects of conditions with equal or opposite 
rotational directions.  Both clockwise and counter-clockwise rotations of the figure 
and the ground were used in the experiments. 
c  Inducing and induced rotations.  The double-headed arrows represent a to 
and fro rotation, the single-headed arrows a continuous rotation. The upper 
diagram represents the conditions in the “freezing rotation illusion” where the 
ground was rotating to and fro and the figure was rotating physically at a constant 
speed. The lower diagram depicts the reverse condition, where the figure was 
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indicated by the red arrows. Perceptually the swaying of the inner disk did not 
influence the apparent rotational speed of the surrounding ring.  
d Test and probe stimuli used in the experiment 2. In the test stimuli, both the 
figure and the annular surround were rotating. The random dot pattern used in 
the stimuli was of the original Bela Julesz type16 where each pixel  has an equal 
change of being black or white. To avoid the percept of melting the inner disk and 
the outer annulus at similar rotational speeds, they were coloured differently. The 
surface area of the annulus was matched to the area of the foreground disk. In 
the probe stimuli, the non-interesting stimulus element was painted uniformly 
gray.  
Fig. 2  Plot of estimated versus physical aircraft speed . The two observers 
had to match the rotational speed of the probe stimulus (Fig 1d, upper right 
panel) to the rotational speed of the small aircraft (Fig 1a). Means and standard 
errors of the perceived rotational velocity of the aircraft were plotted as a function 
of the physical velocity of the aircraft for conditions with equal (gray lines, cf. Fig 
1b, left panel) or opposing directions (black lines, cf. Fig. 1b, right panel). 
Asterisks denote significant differences (two-tailed t-test, α = 0.05, N=40). The 
rotational speed of the surround (37.7 °/s) is indicated by a thick tick on the x-
axis. 
Fig. 3 Comparison of surrounding ring and inner disk rotation effects   
a Influence of the surround rotation on the estimated speed of the figure. 
Data from four observers are shown. Means and standard errors of the estimated 
rotational velocity of the inner disk are plotted as a function of the physical speed 
of the inner disk for conditions with equal (gray lines) or opposing (black lines) 
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corresponding data points for the two conditions (two-tailed t-test, α = 0.05, 
N=40). In all trials the rotational speed of the surrounding annulus was set to 
37.7°/s.  All observers showed significant differences between the two conditions. 
Differences were very large for observer LP and minimal for observer TJ.   
b Influence of the figure rotation on the estimated speed of the surround.  . 
Data for the same four observers as in Fig. 3a are shown. Means and standard 
errors of the estimated rotational velocity of the surround are plotted as a function 
of the physical speed of the inner disk for conditions with equal (gray lines) or 
opposing (black lines) rotational directions. Asterisks denote significant 
differences (two-tailed t-test, α = 0.05, N=40).  
Observer LP showed a small and significant overall difference between the two 
conditions; in the other three observers the overall differences were not 
significant. Thus the rotation of the figure barely affected the rotational speed 
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Fig. 3a 
Fig. 3b 
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